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ABSTRACT 

Previous  research  into  the  generation  of  non-diffracting  beams  was  extended  into  the  filamentation  regime.  Helical  beams,  previously 
developed  as  a  proof  of  concept  demonstrating  the  use  of  Bessel  beam  superposition  to  create  complex  beam  arrays,  were  used  in  the 
formation  of  filaments.  The  resulting  filaments  mimicked  the  double  helix  structure  of  the  helical  beams  used  in  their  formation, 
demonstrated  that  non-diffracting  beams  can  be  used  to  control  the  formation  of  complex  filament  arrays.  Research  into  non-diffracting 
beams  has  also  been  extended  into  other  geometries,  and  the  conditions  for  the  formation  of  arbitrarily  large  rectangular  arrays  of  non¬ 
diffracting  beams  have  been  established  and  tested  using  numerical  simulation.  Future  research  will  involve  generating  these  rectangular 
arrays  in  the  laboratory,  first  as  non-diffracting  beams  and  then  as  filaments,  as  well  as  increased  the  quality  and  propagation  range  of  helical 
filaments. 
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Abstract  -  Continued  Development  of  Non-Diffracting  Beams  for  Filament 
Engineering 

Previous  research  into  the  generation  of  non-ditfracting  beams  was  extended  into  the 
filamentation  regime.  Helical  beams,  previously  developed  as  a  proof  of  concept 
demonstrating  the  use  of  Bessel  beam  superposition  to  create  complex  beam  arrays,  were 
used  in  the  formation  of  filaments.  The  resulting  filaments  mimicked  the  double  helix 
structure  of  the  helical  beams  used  in  their  formation,  demonstrated  that  non-diffracting 
beams  can  be  used  to  control  the  formation  of  complex  filament  arrays.  Research  into 
non-diffracting  beams  has  also  been  extended  into  other  geometries,  and  the  conditions 
for  the  formation  of  arbitrarily  large  rectangular  arrays  of  non-dififacting  beams  have 
been  established  and  tested  using  numerical  simulation.  Future  research  will  involve 
generating  these  rectangular  arrays  in  the  laboratory,  first  as  non-diffracting  beams  and 
then  as  filaments,  as  well  as  increased  the  quality  and  propagation  range  of  helical 
filaments. 


ENGINEERED  LASER  FILAMENTS  IN  AIR  FOR  DEFENSE 

STAND-OFF  SENSING 


Previous  attempts  at  generating  helical  filaments  were  unsuccessful  because  the  phase 
plates  necessary  for  helical  beam  generation  could  not  withstand  the  laser  pulse  energy 
required  for  filamentation.  To  address  this  issue,  Dr.  Johnson’s  group  fabricated  a  single 
10  mm  coaxial  vortex  plate  to  replace  the  pair  of  5  mm  vortex  plates  used  in  previous 
experiments.  The  new  phase  plate  element  applied  a  unit  azimuthal  phase  shift  at  800  nm 
for  radial  values  of  less  than  2.5  mm  and  the  opposite  azimuthal  phase  shift  for  radial 
values  greater  than  2.5  mm.  The  increased  diameter  of  the  phase  plate  increases  the 
energy  throughput  of  the  phase  plates  by  a  factor  of  four,  enabling  helical  filament 
experiments  to  be  carried  out  at  higher  pulse  energies. 


With  the  new  10  mm  diameter  vortex  plate,  the  helical  beam  experiments  were  repeated. 
A  telescope  composed  of  a  diverging-converging  lens  pair  was  used  to  expand  the  MTFL 
laser  beam  to  a  diameter  of  1  inch.  The  vortex  plate  was  placed  inside  the  telescope  to 
enlarge  the  vortex  phase  pattern  to  a  diameter  of  1  inch.  This  telescope  was  placed  in 
series  with  the  double  angle  axicon  and  the  conventional  179.4  angle  axicon.  Pulses  from 
MTFL  were  used  in  conjunction  with  experimental  setup  shown  in  Figure  1  to  generate 
both  133  uJ  and  11.9  mJ  helical  pulses.  The  133  uJ  pulses  were  used  to  evaluate  the 
linear  optical  behavior  of  the  experimental  setup  while  the  11.9  ml  pulses  are  intended  to 
generate  helical  filaments. 
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Figure  1:  Experimental  setup  used  to  generate  helical  filaments. 


Pulses  were  evaluated  with  the  filament  transverse  imaging  system  along  with  an 
ionization  test  taken  from  Polykin  et  al  [1].  The  ionization  test  was  carried  out  by 
measuring  the  current  flowing  between  two  20  mm  x  25  mm  copper  electrodes  space  6 
mm  apart  and  raised  to  a  potential  of  5.6  kV  while  the  helical  pulses  propagated  between 
the  electrode  pair. 


Figure  2:  Transverse  images  obtained  for  the  helical  filament  experiment.  Top: 
MATLAB  Fresnel  diffraction  simulation  of  the  experimental  setup.  Middle:  Experiment 
carried  out  using  133  p.J  pulses.  Bottom:  Experiment  carried  out  using  11.9  mJ pulses. 


Helical  beams  were  observed  to  extend  from  883  mm  to  1148  mm  from  the  second 
axicon  for  both  the  133  /r/  and  11.9  mJ  cases,  as  shown  in  Figure  2.  As  per  the  previous 
experiment,  the  resulting  irradiance  profiles  were  consistent  with  the  Fresnel  diffraction 
simulation  of  the  experimental  setup.  From  the  corresponding  ionization  measurements, 
the  beams  were  found  to  ionize  the  air  between  1000  and  1150  mm  (see  Figure  3),  but 
only  for  the  11.9  mJ  case. 
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Figure  3:  Ionization  measurements  of  the  helical  beam  along  with  a  corresponding 
theoretical  plot  of  the  helical  beam  peak  irradiance  using  the  MATLAB  Fresnel 
diffraction  code. 


The  helical  beam  transverse  profiles  taken  over  the  ionizing  region  are  shown  in  Figure  2, 
along  with  profiles  obtained  through  the  MATLAB  simulation.  For  133  /r/  pulses,  a 
helical  beam  composed  of  two  isolated,  rotating,  elliptical  spots  was  obtained  over  a 
distance  of  15  cm.  The  location,  size  and  rotation  rate  of  these  irradiance  spots  are 
successfully  reproduced  by  the  simulation.  When  pulse  energy  was  increased,  a 
reduction  in  contrast  between  the  null  at  the  beam  center  and  the  two  irradiance  peaks 
was  observed.  For  many  of  the  transverse  images  taken  of  11.9  mJ  helical  pulses,  one  or 
both  of  the  irradiance  peaks  undergoes  geometric  distortions,  losing  the  elliptical  shape 
observed  at  133  fij.  In  some  images,  the  formation  of  additional  irradiance  peaks  within 
the  helical  beam  ring  structure  was  observed.  The  greatest  distortions  in  the  ionizing 
helical  beam  are  observed  at  1102  mm  and  1119  mm,  at  the  beginning  of  the  second 
ionization  peak  observed  in  Figure  3.  However,  the  beam  continues  to  rotate  during 
propagation,  as  observed  for  the  133  p.J  case. 

Numerous  phase  plates  are  being  designed  and  tested  to  future  helical  beam  experiments. 
A  series  of  10  mm  double  angle  Fresnel  axicons  (Figure  4)  were  designed  and  fabricated 
using  the  same  additive  microlithographic  techniques  used  to  fabricate  the  vortex  plates 
used  in  the  helical  beam  experiments.  By  using  Fresnel  axicons  in  place  of  conventional 


axicons,  fabrication  precision  has  been  increased  by  simultaneously  reducing  fabrication 
cost.  The  new  set  of  Frensel  axicons  can  be  placed  in  series  with  the  vortex  plates 
without  requiring  a  telescope  to  adapt  the  scales.  The  new  Frensel  axicons  have  also 
been  fabricated  to  simulate  several  axicon  refraction  angles,  enabling  the  investigation  of 
helical  beams  with  different  irradiance  peak  spacing. 


Figure  4:  Layout  of  a  Frensel  axicon  (left)  and  double  angle  Fresnel  axicon  (right). 


A  series  of  2  inch  diameter  phase  plates  have  also  been  designed  and  fabricated.  Dr. 
Johnson’s  group  was  able  to  successfully  fabricate  both  a  2  inch  diameter  coaxial  vortex 
plate  and  a  2  inch  diameter  double  angle  Fresnel  axicon.  These  2  inch  devices  enable  an 
energy  throughput  25  times  greater  than  that  which  can  be  achieved  using  10  mm  phase 
plates.  Future  experiments  are  planned  to  use  the  new  2  inch  phase  plates  to  generate  200 
mJ  helical  beams  10  m  in  length  using  the  200  mJ  that  has  become  available  from  MTFL 
due  to  recent  laser  upgrades. 

Knowledge  obtained  from  the  design  of  Bessel  beams  and  helical  beams  is  now  being 
applied  to  the  synthesis  of  non-diffracting  rectangular  beam  arrays  of  arbitrary  size, 
intended  for  the  controlled  and  reproducible  generation  of  rectangular  arrays  of  filaments. 
Rectangular  arrays  of  non-diffracting  beams  can  be  readily  obtained  from  the 
superposition  of  four  plane  waves,  as  illustrated  in  Figure  5. 


Solitary  Beams:  Plane  waves  form  a  single  irradiance  peak 
considerably  stronger  than  the  surrounding  reservoir . 


Beams  Arrays:  Plane  waves  form  a  periodic  array  of  irradiance  peaks. 


Figure  5:  Conical  and  rectangular  arrangements  of  plane  waves  giving  rise  to  Bessel 
beams  and  a  rectangular  array  of  non-diffracting  beams. 


To  obtain  the  plane  wave  superposition  required  to  form  the  reetangular  non-ditfraeting 
beam  array,  a  diffractive  grating  with  exactly  two  diffracted  orders  is  required. 
Implementing  this  grating  in  two  orthogonal  directions  will  results  in  the  desired  beam 
array.  Describing  the  wavefront  modifications  of  the  diffraction  grating  using  the  Fourier 
series 
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where  the  refracted  angle  associated  with  each  Fourier  series  coefficient  is  given  by 


and  the  strength  of  each  diffracted  order  is  proportional  to  c^. 

If  all  of  the  refracted  beam  power  is  desired  in  the  m  =  +1  modes,  equally  distributed, 
the  required  grating  coefficients  are  =  c_i  =  1  and  —  Q  otherwise.  Substituting 
these  values  into  equation  1  gives 
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0(x)  =  COS 


This  is  unfortunately  real,  and  thus  requires  amplitude  rather  than  phase  modulation.  A 
direct  implementation  of  this  grating  will  result  in  a  50%  transmission  loss  for  a  one 
dimensional  grating,  and  a  75%  transmission  loss  for  a  two  dimensional  grating.  The 
effects  of  this  grating  can  be  approximated  using  a  modulated  neutral  density  filter 
described  by  the  transmission  function 


r(x,y) 


The  efficiency  of  this  transmission  grating  is  based  on  the  value  of  n  as  follows: 


n  =  1  -  25% 
n  =  2  -  50% 
n  =  4  -  75% 
n  =  8  -  87% 
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While  increasing  the  value  of  n  increasing  the  transmission  efficiency,  it  also  degrades 
the  performance  of  the  grating,  as  it  becomes  a  poorer  approximation  of  the  expression 
given  in  equation  3. 
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Figure  6:  Rectangular  arrays  resulting  from  various  orders  of  the  transmission  function 
given  in  equation  4. 


Alternatively,  the  waveform  modification  in  equation  3  can  be  achieved  using  a  spatially 
varying  polarization  rotation.  This  enables  100%  power  transmission  for  the  one¬ 
dimensional  case  while  simultaneously  providing  an  exact  solution  to  equation  3,  but 
requires  a  beam  splitter  to  extract  the  two  rectangular  beam  arrays.  When  extended  to 
two  dimensions,  amplitude  modulation  is  still  required  and  the  transmission  efficiency  of 
this  technique  is  reduced  to  50%. 
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Figure  7:  Spatially  varying  polarization  rotation  and  simulations  of  the  beam  arrays 
resulting  from  such  an  arrangement. 
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